Given the increased utility and lack of consensus regarding carbon nanotube (CNT) environmental and human health hazards, there is a growing demand for guidelines that inform safer CNT design. In this study, the zebrafish (Danio rerio) model is utilized as a stable, sensitive biological system to evaluate the bioactivity of systematically modified and comprehensively characterized multiwalled carbon nanotubes (MWNTs). MWNTs were treated with strong acid to introduce oxygen functional groups, which were then systematically thermally reduced and removed using an inert temperature treatment. While 25 phenotypic endpoints were evaluated at 24 and 120 hours post fertilization (hpf), high mortality at 24 hpf prevented further resolution of the mode of toxicity leading to mortality. Advanced multivariate statistical methods are employed to establish a model that identifies those MWNT physicochemical properties that best estimate the probability of observing an adverse outcome. The physicochemical properties considered in this study include surface charge, percent surface oxygen, dispersed aggregate size and morphology, and electrochemical activity. Of the five physicochemical properties, surface charge, quantified as the point of zero charge (PZC), was determined as the best predictor of mortality at 24 hpf. From a design perspective, the identification of this property-hazard relationship establishes a foundation for the development of design guidelines for MWNTs with reduced hazard.
INTRODUCTION
There are numerous current and projected applications of carbon nanotubes (CNTs) spanning a range of sectors, including energy, electronics, and healthcare. (De Volder et al., 2013 , Endo et al., 2008 These applications are inspired by the unique physical and chemical properties of CNTs, including tensile strength, electronic and thermal conductivity, aspect ratio, and antimicrobial activity, to name a few. (Endo et al., 2008 , Popov, 2004 Of the two primary classes of CNTs, single-(SWNT) and multi-walled (MWNT), MWNTs are primarily utilized in high concentration, low order applications and accounted for 95% of the total 2010 CNT production value. (Patel, 2011) As such, there is increased likelihood of environmental and human exposure to MWNTs considering the various pathways of release throughout the life cycle.(U.S.E.P.A, 2014) Given the current lack of consensus regarding the MWNT hazard profile, this is potentially of concern for environmental and human health.
To better understand and resolve the specific material properties that can induce MWNT environmental and human health hazard, zebrafish (Danio rerio) were selected as the model organism. Zebrafish are considered a preferred in vivo vertebrate model organism for assessing the toxicity of nanomaterials for multiple reasons. (Fako and Furgeson, 2009 , Lin et al., 2012 , Usenko et al., 2007 , Rizzo et al., 2013 Zebrafish possess genetic parallels with humans enabling projection and understanding of potential mechanisms of human toxicity. (Fako and Furgeson, 2009 ) Zebrafish also have a remarkable degree of molecular and physiological conservation with other vertebrates, particularly during embryonic development. (Amsterdam et al., 2004) Exposure to exogenous compounds during this sensitive life stage can disrupt key developmental processes such as cell differentiation, organogenesis, apoptosis, proliferation, ion regulation and neurogenesis, which manifest as craniofacial malformations, edema, disrupted vasculature and muscles, abnormal evasion response and even death. , Hill et al., 2005 Further, zebrafish are favorable for high throughput toxicity screening methodologies as they facilitate rapid testing of numerous chronic and acute endpoints, simultaneous testing of a range of concentrations, and the potential to probe detailed mechanisms of toxicity. While there is a significant body of research investigating the impacts of CNTs at the cellular level (Johnston et al., 2010 , Kang et al., 2008a , Kang et al., 2008b , Kang et al., 2007 , Vecitis et al., 2010 , Pasquini et al., 2012 , Pasquini et al., 2013 , Liu et al., 2009 ) and using mammalian models (Kane and Hurt, 2008 , Lam et al., 2004 , Nel et al., 2006 , Muller et al., 2005 , Kolosnjaj-Tabi et al., 2010 , Lam et al., 2006 , those studies pertaining to higher order aquatic organisms are more disparate (Baun et al., 2008 , Scown et al., 2010 . In particular, only a handful of studies, to date, investigate the impact of CNTs on zebrafish (Adenuga et al., 2013 , Asharani et al., 2008 , Cheng et al., 2009 , Cheng and Cheng, 2012 , Cheng et al., 2007 , and there are significant variations in the experimental methodologies. A seminal paper by Cheng, et al. found that the chorion serves as a protective barrier, preventing the interaction between the CNT aggregates and the embryo. (Cheng et al., 2007) While they observed delayed hatching, there were no observed developmental or mortality implications. (Cheng et al., 2007) To facilitate direct exposure between CNTs and the embryo, two alternative procedures were developed. The first is a microinjection technique, which is administered at the one-cell stage (Cheng et al., 2009, Cheng and Cheng, 2012) or 8-cell stage (Asharani et al., 2008) . The second method involves enzymatic dechorionation of the embryos 4 hours post fertilization (hpf), prior to CNT exposure. (Mandrell et al., 2012 , Truong et al., 2011 This latter technique is employed in the present study because it is automated, quick, cost effective, and more precise than the manual alternative. (Mandrell et al., 2012) While the current CNT zebrafish literature thoroughly evaluates both lethal and sublethal endpoints, there is often a lack of comprehensive physicochemical characterization of the nanomaterials necessary to draw meaningful conclusions or to compare results between studies. (Asharani et al., 2008 , Cheng et al., 2009 , Cheng and Cheng, 2012 , Cheng et al., 2007 The approach employed here is unique from those presented in previous CNT zebrafish studies in that the MWNTs: 1) originated from the same starting batch, which eliminates the potential of confounding variables associated with batch heterogeneity. (Jones et al., 2008) ; 2) were systematically modified, minimizing the number of properties being varied at one time; and 3) were comprehensively characterized for those intrinsic and extrinsic properties most pertinent to their toxicity including surface charge, oxygen content, dispersed aggregate radius and morphology, and electrochemical activity. (Fubini et al., 2010 , Powers et al., 2007 The ability to extrapolate relationships between physicochemical properties and observed trends in adverse outcomes will improve our understanding of the underlying toxicity mechanisms as well as promote the design of CNTs for enhanced performance and minimized hazard. To address the current knowledge gap, this study intends to inform the development of property-hazard relationships for a given set of MWNTs by developing a logistic model that relates MWNT physicochemical properties and zebrafish toxicity.
The study presented herein has three primary goals: 1) to determine whether the established correlating trend of MWNT electrochemical activity and bacterial cytotoxicity (Gilbertson et al., 2014 , Pasquini et al., 2013 ) is maintained for higher trophic organisms (i.e., zebrafish), 2) to establish a model that relates the observed trend in the adverse effects in zebrafish with physicochemical properties of MWNTs, and 3) to utilize the model as a first step towards developing a foundational understanding of the underlying mechanism of the bioactivity of MWNTs. The combined results aim to elucidate the toxic potential of MWNTs and to inform their future inherently safer design.
METHODS

MWNT preparation
Pristine MWNTs were purchased from CheapTubes (Burlington, VT, CCVD, >95 wt %, 10-20 nm diameter, 10-20 μm length).(CheapTubes, 2014) These as-received MWNTs were acid treated in house via reflux in nitric acid (HNO 3 , 15.7 M) for 2 h. This acid treated (AT 2) MWNT sample was then annealed (heat treatment under inert conditions) at increased maximum temperature (400-900 °C, 100 °C increments) and served as the model training set. A separate set of MWNTs, purchased from NanoLab Inc. (Waltham, MA 15 ± 5 nm diameter, 5-20 μm length, >95% purity), was prepared and utilized to confirm the logistic model.(NanoLab, 2011) These as-received MWNTs (NL-AR) were treated by the manufacturer using a sulfuric-nitric acid mix and then annealed in house at a subset of the previously applied temperatures (400, 600, and 900 °C).
Annealing enabled systematic modifications of MWNT properties via reduction of surface oxygen groups that were added during the acid treatment. The various functional group moieties (e.g. carboxylic acid, hydroxyl, and carbonyl) possess different thermal properties. (Figueiredo et al., 1999) As the maximum annealing temperature increases, the more labile groups elude the MWNT surface while the more thermally stable groups remain (illustrated in the schematic in Table 2 ). The annealing conditions remained consistent for all samples, including heating under helium (He) at the indicated maximum temperature for 1 h (10° per min heating rate). Compiled treatment conditions for all of the MWNT samples utilized in this study can be found in Table 1 .
MWNT characterization
The physicochemical properties of the MWNT samples used in this study were comprehensively characterized for sample purity by thermogravimetric analysis (TGA), surface charge by point of zero charge (PZC), elemental composition by x-ray photoelectron spectroscopy (XPS), dispersed aggregate size and size distribution by dynamic light scattering (DLS), dispersed aggregate morphology by static light scattering (SLS), and electrochemical activity by the oxygen reduction reaction (ORR) using the rotating disc electrode method (RDE). Dispersed aggregate morphology is quantified here by the fractal dimension (D f ), which is evaluated using the static light scattering technique, and is representative of the aggregate compactness and shape (D f = 1: rod-like morphology, D f = 3: sphere-like morphology). (Schaefer et al., 2003 , Chen et al., 2004 Relative MWNT surface charge was determined via PZC using a mass titration method. (Pasquini et al., 2013, Noh and Schwarz, 1988) The point of zero charge is the pH at which there is a net zero surface charge, and thus, the values reported in Table 2 are pH values obtained using the previously described titration method. Details on the characterization methods utilized in this study can be found in the Supplementary Information. Table 2 contains the compiled characterization data, including some previously published data associated with our bacterial cytotoxicity study. (Gilbertson et al., 2014) 
Toxicity testing
At 4 hour post fertilization (hpf), the acellular chorion was enzymatically removed from tropical 5D zebrafish embryos using pronase following an established protocol described in Mandrell et al. (Mandrell et al., 2012) At 6 hpf, embryos were rinsed and transferred to a low ionic strength 62.5 μM CaCl 2 -2H 2 O (Sigma Aldrich) medium prepared in ultrapure water (Invitrogen) prior to loading (one embryo per well) into 96-well plates (Falcon) containing 0.05 mL of 62.5 μM CaCl 2 -2H 2 O. A low ionic strength 62.5 μM CaCl 2 -2H 2 O medium was employed in this assay to minimize MWNT aggregation while maintaining normal zebrafish development. On the day of exposure, MWNTs were suspended in a 10% dimethylsulfoxide (DMSO; J.T.Baker) solution prepared with ultrapure water to create a 1 mg/mL MWNT stock. The stock was sonicated indirectly for 30 minutes via Cup Horn with a Fisher Scientific 60 Sonic Dismembrator at 20 kHz. Immediately following sonication, MWNT stock was diluted in CaCl 2 -2H 2 O water to prepare a five-fold, 2X MWNT dilution series ranging from 100-0.16 mg/L with DMSO (1%) and CaCl 2 -2H 2 O (62.5 μM). At 8 hpf, 0.05 mL of the 2X MWNT suspension was added to 96-well plates for an n = 48 per exposure concentration. Zebrafish underwent a static nonrenewal exposure to 1X MWNT (50-0.08 mg/L), 0.5% DMSO and 62.5 μM CaCl 2 -2H 2 O for five days maintained at 28 ± 1°C in the dark. The concentration range utilized is the standard range for this established method. (Truong et al., 2011 , Adenuga et al., 2013 At 24 hpf, embryos were visually evaluated by stereomicroscope for mortality, spontaneous tail flexion, notochord malformations and delayed developmental progression. At 120 hpf, zebrafish were evaluated for mortality, phenotypic malformations of the axis, yolk sac, eye, jaw, snout, brain, otic vesicle, somites, heart, circulation, caudal and pectoral fins, swim bladder and behavioral response to mechanical stimulus (Table S1 ). Results were recorded using a binary system of 1 for the presence of an endpoint and 0 for absence. For a more detailed description of the assay, refer to Truong et al. (Truong et al., 2011) All experiments were conducted in accordance with Institutional Animal Care and Use Committee protocols at Oregon State University
Statistical Analysis: Model Selection and Development
All statistical analyses were conducted using the R version 3.02 statistical software. (R_Core_Team., 2013) The logistic model A logistic model was used to fit the MWNT physicochemical property and zebrafish toxicity data to provide a means of deriving a relationship between the probability of zebrafish embryo mortality (p) and specific MWNT properties. The nature of the relationship between continuous property data and the binomial toxicity outcome suggests the appropriate use of binomial regression. Binomial models are commonly used for toxicity outcomes (Morgan, 1992) and have three major mathematical advantages when modeling binary data, including adequate consideration of inconsistent variance, no necessity for lack of normality assumptions, and no range restrictions imposed by binary response variables. The logistic binomial model was chosen for this study because it is easily interpretable and there was no available information on success asymmetry. (Collett, 1991) In this study, logistic regression was used to predict the category of outcome (e.g. dead or alive) for individual embryos optimizing the model for minimal complexity. Logistic regression calculates the outcome as odds ratio of embryo death, or probability of death over the probability of survival according to Equation 1: ( Collett, 1991) (1) where
] and x i is the independent variable corresponding to i th observation in the sample i = 1, 2, …, n. In this case p i or p[x i =1], is the probability of observing a toxic effect and 1-p i or p[x i =0] is the probability of embryo survival.
Five MWNT physicochemical properties were included as potential predictor variables in the univariate and multivariate analysis to elucidate the toxicity outcome. The affection of percent surface oxygen, point of zero charge, dispersed aggregate radius, dispersed aggregate morphology, and electrochemical activity, and their interactions, on zebrafish embryo toxicity is considered. In logistic regression, these predictor variables are related to the probability of mortality as shown in Equation 2: ( Collett, 1991) (2) where β 0 is the intercept coefficient, β 1 through β k are parameter coefficients for independent variables 1 though k, and x 1 through x k are measured parameters for the specific MWNT sample exposed to zebrafish embryo i.
Equation 3, a rearrangement of equations 1 and 2, represents the general form of logistic regression for the logit probability function. (3) The parameters of the logistic model β 0 though β k are derived by the method of maximum likelihood. Under the assumption of the logistic regression, the chosen coefficients maximize the probability or likelihood of the observed data. (Collett, 1991) 
Model training and selection
The model was trained on a set of seven systematically treated MWNT (see Table 1 for treatment details) with 240 embryonic zebrafish tested for each MWNT type (48 embryos per concentration, 5 exposure concentrations). An iterative model selection process was used to derive the most parsimonious model without over fitting the data. We used Akaike information criterion (AIC), Wald test, and likelihood-ratio test to compare and select model fits. (Fox, 1997) Parsimonious models with clear interpretations were preferred, when statistical parameters were similar. Z-score tests were used to assess individual parameter contribution to the overall model. Likelihood ratio, Wald, and the more conservative le Cessie-van Houswelingeen-Copas-Hosme tests (le Cessie and van Houwelingen, 1991) were also used to assess model differences
Model validation
The final multivariate model performance was tested on a distinct set of four MWNT samples (see Table 1 for treatment details) under the same methodological conditions as previously described for the toxicity evaluation.
RESULTS
Physicochemical properties of the MWNTs
Various techniques were utilized here to characterize the intrinsic and extrinsic properties of the MWNT sample set. The data is compiled in Table 2 , including a schematic that illustrates the change in surface oxygen groups with increased annealing temperature. (Gilbertson et al., 2014) There are some identifiable trends in the compiled data. First, there is a systematic decrease in the percent surface oxygen with increased annealing temperature due to the varying thermal stability of oxygen functional groups on MWNT surfaces. (Kundu et al., 2008) The corresponding increase in the PZC with increased annealing temperature results from the lower thermal stability of the more acidic functional groups, including carboxylic acid (COOH) and hydroxyl (OH), relative to more basic oxygen moieties, such as carbonyl (C=O) containing anhydride, ester, and quinone. (Figueiredo et al., 1999 , MontesMoran et al., 2004 , Gilbertson et al., 2014 There are no discernable trends in the dispersed aggregate radius or morphology despite the significant change in surface oxygen and PZC. The addition of oxygen functional groups is commonly used to enhance SWNT dispersion yet, MWNTs are inherently more dispersible than SWNTs. (Hilding et al., 2003) As such, the changes in surface oxygen do not significantly influence the dispersity of the MWNT samples used in this study. Finally, there is a positive shift in the half-wave potential, E 1/2 , of the MWNT annealed at 600 °C, which is indicative of enhanced activity toward oxygen reduction. (Yeager, 1984) It was previously shown that this shift correlates with the observed trend in E.coli cytotoxicity. (Pasquini et al., 2013) Pasquini, et al. hypothesize that the combined reduction of carboxylic acid groups and presence of carbonyl groups, particularly quinone moieties, is optimized around 600 °C and results in a significant increase in the MWNT electrochemical and antimicrobial activity. (Gilbertson et al., 2014) The five characterized properties (percent oxygen, PZC, aggregate radius, aggregate morphology, and electrochemical activity) are used in the development of a predictive model for zebrafish toxicity.
MWNT toxicity profiles
Impact on Embryos-During early developmental stages, embryonic zebrafish interact with the MWNT samples in concentrations ranging from 0.8-50 mg/L. Figure 1 includes representative images under different concentrations and at various stages of development. The images indicate that the MWNTs under all exposure concentrations conditions aggregate and settle over time. When immobile, the interaction between embryo and the MWNTs depends on direct contact between the settled aggregates to the stationary embryo (Figure 1 ). Once mobile (> 36 hpf), the zebrafish movement within the plate well disrupts the MWNT aggregates thus, promoting interaction.
Concentration-Response-Exposure to all MWNTs at concentrations below 50 mg/L induced minimal adverse response. However, several samples halted developmental progression at the highest exposure concentration (50 mg/L) due to significant mortality prior to 24 hpf. The high prevalence of mortality at 24 hpf prevented further evaluation and determination of whether MWNT exposure significantly influenced the manifestation of signature morphological malformations in the zebrafish indicative of more chronic endpoints. Thus, the statistical model development utilizes mortality as the most relevant endpoint for MWNT toxicity prediction. Figure 2 shows the mortality at 24 hpf induced by exposure to the seven MWNT samples treated as previously described.
There is a significant increase in mortality upon exposure at 50 mg/L compared to the other concentrations. This trend is most notable for the AT 2, AT2-400, and AT2-500 samples, and diminishes for those samples treated at higher annealing temperatures. Due to the highly pronounced differences in mortality at 50 mg/L exposure concentration, and little to no observed effects at and below 10 mg/L, the development of the logistic model relied exclusively on the 50 mg/L results.
Exploratory statistics used to inform the multivariate model
Parameter correlations-In order to create a model for adverse zebrafish effects, we first explored the linear relationships between five individual MWNT properties and zebrafish mortality at 24 hpf ( Figure 3 ). As evident from Figure 3 , PZC and percent surface oxygen result in the highest linear correlation with mortality at 24 hpf (R 2 = 0.647 and 0.665, respectively). This suggests that of the previously described MWNT properties, percent surface oxygen and surface charge (PZC) are likely to have a significant influence on the observed trend in mortality. The remaining predictors show some linear correlation with observed zebrafish mortality in order of decreasing correlation: aggregate morphology, aggregate radius, and the electrochemical activity (E 1/2 ).
Parameter relationships-It is expected that certain MWNT properties would correlate highly with each other. Pearson correlation analysis was used to test property association and remove highly related properties prior to model development. The compiled correlation plots for the measured MWNT properties can be found in Figure S1 . As expected, PZC and percent surface oxygen are highly correlated (R = 0.901). As explained above, this relationship is expected because the charge distribution on the MWNT surface is dependent on the nature of the surface functional group. (Figueiredo et al., 1999 , MontesMoran et al., 2004 When two highly co-linear predictors were available during the model development, only one parameter was selected. In the case of PZC and percent surface oxygen, PZC was chosen as the more ubiquitous property that would be more prudent for future model testing and implementation as it is applicable to CNTs functionalized or doped with elements other than oxygen including nitrogen and sulfur. In addition, conclusions drawn herein related to PZC are potentially relevant to other classes of nanomaterials. As such, PZC and the remaining three properties were considered in the model development as potential predictors for zebrafish toxicity.
Statistical model for predicting zebrafish mortality-A derived logistic regression was used to elucidate the relationship between intrinsic and extrinsic MWNT physicochemical properties and their influence on the mortality of zebrafish. The final four MWNT properties that were considered as potential predictors of mortality at 24 hpf include PZC, aggregate size, aggregate morphology, and electrochemical activity. The percent surface oxygen was eliminated due to co-linearity considerations as described above. The toxicity was assessed with seven different MWNTs and 48 embryos tested for a given concentration. The final model was selected based on highest explanatory power and biological relevance, while maintaining preference for minimal complexity. The logistic model uses PZC as the sole significant predictor (p = 0.000) of mortality to provide robust, interpretable results, without overfitting. The model and associated significance tests are provided in Table 3 .
For each unit increase in PZC, the natural logarithm of toxicity odds ratio decreases by 1.1 (95% CI = 1.35:0.86). The relative decrease in odds ratio for each unit of PZC increase is 0.33 (95% CI = 0.26-0.42). The model significantly improves the understanding of the relationship between MWNT properties and embryonic zebrafish toxicity. Both the likelihood ratio and le Cessie-van Houwelingen-Copas-Hosmer unweighted sum of squares tests of significance confirm the explanatory power of the model (p = 0.000). Higher PZC is associated with lower probability of mortality at 24 hpf. Figure 4 illustrates the model relationship between probability of embryo mortality and MWNT PZC.
Model validation-To validate the model and its ability to predict zebrafish mortality based on surface charge, four new MWNT samples were prepared and tested as described in the methods section. These MWNTs were purchased from another vendor and acid treated under different conditions to ensure robustness across MWNT batches and acid treatment conditions. The annealing temperatures for the test set include 400, 600, and 900 °C to obtain MWNT samples from each significant shift in PZC. All other conditions were held constant. Table 4 summarizes the predicted and measured results for the training set.
The model was able to predict the mortality at 24 hpf for the MWNT validation sample set as illustrated by reasonable agreement between the predicted and measured probability in Table 4 . The data for these four validation samples are also included in Figure 4 (blue circles) and follow the same trend as the training sample set.
DISCUSSION
As the field of nanotechnology matures, there is an increased demand to resolve the potential environmental and human health implications resulting from the utilization, handling, and disposal of nanomaterials. Lessons learned from toxic legacy chemicals have motivated a paradigm shift and the development of predictive toxicity models that can be used to estimate a molecule's hazard potential without investing the time and resources necessary to complete the suite of conventional in vivo toxicity assessments (e.g. mammalian and aquatic studies). (Kostal et al., 2013 , Voutchkova-Kostal et al., 2012 While there are added complexities when applying this approach to nanomaterials, it is imperative to engage in the resolution of a set of design guidelines to inform the development of nanomaterials with reduced hazard, ultimately facilitating sustainable growth of the field by preventing unintended consequences.
The study presented herein, is the first to establish a statistical model to explain the observed adverse response of embryonic zebrafish upon exposure to carbon nanotubes. The model is informed by comprehensive physicochemical property characterization of systematically modified MWNTs from the same starting batch, which minimizes the number of intrinsic properties being altered at one time and avoids batch-to-batch heterogeneity, respectively. The importance of such an approach has recently been identified as a primary research objective and is intended for simultaneous resolution and optimization of the performance and safety of nanomaterials. , Liu et al., 2013 , N.R.C., 2012 , N.N.I., 2011 The logistic model based on the analysis of seven MWNT samples and four independent physicochemical properties is summarized in Table 3 and indicates that MWNT surface charge is the best predictor of zebrafish mortality at 24 hpf. The model was developed on MWNT samples with PZC values between 3 and 9. Thus, there is high confidence in the relevance of the model for carbon nanotubes with PZC properties within this range.
The current one-parameter model explains the relationship between the MWNT surface charge and the associated zebrafish toxicity. The relationship explains a large portion of variability in the toxicity data (McFadden's Pseudo R 2 = 0.32). McFadden's Pseudo R 2 is a measure similar to R 2 in linear regression and is used for maximum likelihood estimates, such as logistic regression. McFadden's Pseudo R 2 values between 0.2 and 0.4 are indicative of good fit. (McFadden, 1974) The established PZC-mortality relationship is promising from a material design perspective, providing a tunable parameter that can be impacted by rational design. However, with additional data (e.g. differently treated MWNTs and additional measured endpoints at MWNT concentrations between 10 and 50 mg/L), the remaining toxicity variability and the relationship between MWNT properties can be further explained leading to enhanced predictive power.
In previous studies, using the same sample set, MWNT electrochemical activity was found to correlate with the observed trend in bacterial cytotoxicity. (Gilbertson et al., 2014 , Pasquini et al., 2013 Controlled modification of surface oxygen functional groups significantly influenced the potential for the MWNTs to facilitate redox reactions and thus, the potential to disrupt healthy cellular function. (Gilbertson et al., 2014) This finding highlights the important contribution of the chemical mechanism to cell viability. (Liu et al., 2013) A goal of the current study is to evaluate whether this correlation was maintained for a higher trophic level aquatic organism, which we found was not the case. This is an increasingly important consideration as various stake holder communities attempt to reconcile generalizable hazard profiles for all classes of nanomaterials.(N.R.C., 2012, Nel et al., 2013) The results presented here indicate that MWNT surface charge, not electrochemical activity, has the greatest influence on zebrafish mortality. Surface charge is known to influence the aggregation behavior of nanomaterials. (Petosa et al., 2010) The available contact area will increase with enhanced dispersion, including decreased aggregate size and less compact morphology (D f ≤ 2). This will enhance contact between the developing embryos and MWNT samples as well as promote MWNT uptake, both of which can lead to increased lethality. In addition, enhanced dispersion will promote molecular level interactions necessary for the production of reactive oxygen species (ROS), which can induce oxidative stress related adverse developmental outcomes and embryonic mortality. Yet, characterization of the MWNTs used in this study reveal that dispersed aggregate properties do not play a critical role in the observed mortality at 24 hpf. Thus, the surface charge must be impacting the bioactivity of the MWNTs through a mechanism other than aggregation.
The charged nature of the MWNT surface may also influence the interaction with the organism. (Saxena et al., 2007) The pH of the media used in this study is between 6 and 7; the system was intentionally not buffered in an effort to reduce ionic strength induced aggregation of the MWNTs. Therefore, the MWNTs associated with the greatest embryonic zebrafish mortality at 24 hpf possessed a negatively charged surface (PZC less than ~6). Several recent studies have explored the impact of nanomaterial surface charge, controlled by functionalizing with cationic, neutral, or anionic ligands, on observed adverse outcomes using either Daphnia magna or embryonic zebrafish as the in vivo model organism. , Lee et al., 2013 , Bozich et al., 2014 Results from these studies elucidate the important role that surface charge plays in the observed toxicity trends, which is hypothesized to be governed primarily by the electrostatic interaction between the material and model organism. Yet, inconsistencies among the findings remain unresolved due to the complexities that result from differences in the nanomaterial studied (i.e. Au, Ag, C 60 , CNTs) and in vivo model organism utilized. While the importance of nanomaterial surface charge has been established, the underlying mechanism is not yet elucidated. As such, this is the subject of ongoing research.
The observed disparity in the driving force of viability between bacteria (E.coli ) and zebrafish for the same MWNT sample set is not entirely surprising considering variations in methodological exposure conditions and the differences in biological response between bacteria and zebrafish. That said, analysis and establishment of statistical models for alternative adverse developmental endpoints, particularly those sensitive to oxidative stress, would provide further resolution of the mechanism of zebrafish mortality and may reveal the important contribution of additional MWNT properties. Elucidation of the underlying mechanism of toxicity is the subject of ongoing research.
A primary limitation of the current study is the sample size. Due to the complexities of preparing and comprehensively characterizing a controlled sample set as well as the motivation to compare to previous studies completed at the cellular level, the sample set was limited here to seven MWNTs. As such, a confirmation sample set of four MWNTs, (also previously evaluated at the cellular level) was utilized to confirm the significance of the resulting model. With the model and statistical methods established, further robust analysis can be applied to sample sets of interest when they become available. Additional data would allow for more complex hypothesis testing with fewer concerns for overfitting during model development. Another limiting factor to consider in this study is the reduced number of observations of the other adverse endpoints. Since mortality at 24 hpf was significant for several of the MWNTs, the number of available observations for the remaining developmental endpoints was reduced. This prevented the ability to draw significant statistical conclusions for other developmental endpoints.
Future research will focus on resolving the underlying mechanism of toxicity probing additional endpoints and using more specific assays. In particular, measures of transcriptional, proteomic, and metabolomics profiles coupled with in situ detection methods can be used to identify adverse outcome pathways and the primary cellular targets of CNTs. These studies will provide additional resolution surrounding the contribution of the chemical versus physical mechanism to zebrafish toxicity. Since significant adverse effects were primarily observed at the 50 mg/L MWNT concentration, it will be important to include concentrations between 10 and 50 mg/L in future studies. The lower concentrations (< 50 mg/L) will also provide insight into the potential hazard of CNTs at more environmentally relevant concentrations. Finally, the current data suggests a threshold dose-response curve shape where mortality is observed upon reaching a given concentration. Analysis of additional concentrations (10-50 mg/L) will further resolve the shape of this curve as well as non-mortality effects of MWNTs.
CONCLUSIONS
Significant embryonic zebrafish mortality was observed at 24 hpf and the highest MWNT concentration studied here, 50 mg/L. The logistic model developed around this data set for seven systematically treated MWNTs and four independent physicochemical properties indicates that surface charge, quantified as the point of zero charge, is the most significant predictor of mortality at 24 hpf. This model was confirmed using a separate set of MWNTs purchased from a different vendor and systematically modified in the same manner. While MWNTs are the subject of this study, the approach is applicable to all classes of nanomaterials. A similar approach has been successfully applied to gold nanoparticles. The study exemplifies the importance of comprehensively characterizing physicochemical properties of nanomaterials used in toxicological investigations as well as the utility of statistical methods for extrapolating generalizable relationships between nanomaterial properties and hazard endpoints. Since the observed toxicity is correlated with a universal property (i.e. PZC) rather than a specific batch of MWNTs, the findings are intended for comparison across studies, including those utilizing different cellular or organism models and different carbon nanomaterials. Furthermore, the approach and findings presented here are intended to inform the development of nanomaterial hazard profiles. The threshold observed in the concentration-response curve prevented resolution of the underlying mechanism of mortality due to the lack of observations at other developmental endpoints. Still, the establishment of the PZC-mortality relationship serves as a first step towards the development of predictive models to inform safe carbon nanotube design for minimization of unintended consequences. Compiled concentration-response curves for seven differently treated MWNTs and embryonic zebrafish mortality at 24 hpf. MWNT treatment details are outlined in Table 1 . Briefly, AT 2 MWNTs were acid treated for 2 hours and then annealed at 100° increments from 400 -900 °C (AT2-400, -500, -600, -700, -800, -900). Dispersed MWNT samples were pre loaded to wells at concentrations ranging 0 -50 mg/L prior to adding the dechorionated embryos 6-8 hpf. Increased mortality at 24 hpf was observed only at 50 mg/L concentration. Linear correlations between the five measured MWNTs physicochemical properties and embryonic zebrafish mortality observed at 24 hpf. The MWNT properties are in the order of decreasing correlation with the 24 hpf mortality. Surface oxygen (%) and point of zero charge (PZC) are the best linear predictors of mortality. Dispersion measurements, including fractal dimension and aggregate radius are minimally correlated with the mortality endpoints. Finally, the correlation between MWNT reactivity (half-wave potential) and mortality is negligible. The 95% confidence interval for the linear regression between MWNT properties and mortality is shown in grey. A graphical representation of the established statistical model showing the effect of PZC on the 24 hpf mortality model when other covariates are held constant. Surface charge (quantified as the point of zero charge, PZC) is the best single estimator of toxicity and the correlation indicates that the greater the PZC, the lower the magnitude of toxicity. Table 2 Compiled characterization data including point of zero charge (PZC) by titration, percent oxygen (% O) by X-ray photoelectron spectroscopy (XPS), fractal dimension (D f ) by static light scattering (SLS), aggregate radius by dynamic light scattering (DLS), electrochemical activity (E 1/2 ) by oxygen reduction reaction (ORR) and the rotating disc electrode method (RDE), and a schematic representation of the distribution and type of functional group with increased annealing temperature. This data is previously published (Gilbertson et al., 2014) Nanotoxicology. Author manuscript; available in PMC 2017 January 01. 
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